• Background and Aims Climate forecasts suggest that [CO 2 ] in the atmosphere will continue to increase. Structural and ecophysiological responses to elevated air [CO 2 ] (e[CO 2 ]) in tree species are contradictory due to species-dependent responses and relatively short-term experiments. It was hypothesized that long-term exposure (4 year) to e[CO 2 ] would change canopy structure and function of Coffea arabica trees.
INTRODUCTION
Intensive farming and industry have emitted significant amounts of gases that increase the greenhouse effect (reviewed by Hillel and Rosenzweig, 2012) , such as carbon dioxide (CO 2 ) and methane (CH 4 ). Since the mid-20th century, the air warming is perceived as an extremely likely consequence of human activities. In fact, air [CO 2 ] has increased at rates from 1 to 1.8 μL CO 2 L -1 air year -1 , and ecosystem responses to rising air [CO 2 ] are major sources of uncertainty in climate change projections (Medlyn et al., 2015) . Artificial facilities such as growth chambers and open top chambers (Kimball, 1992) give us the opportunity to study mostly short-term responses to elevated air [CO 2 ], here refererred to as e [CO 2 ]. On the other hand, free air CO 2 enrichment (FACE) systems have been developed to support mid-to long-term studies of physiological responses to e [CO 2 ], such as of sorghum (Cousins et al., 2001) , soybean (Bishop et al., 2015) , wheat (Bunce, 2017) , tree species (Koike et al., 2015) and even ecological systems (Macháčová, 2010) .
Understanding structural and ecophysiological responses to e [CO 2 ] in tree species is complex, due to species-dependent responses and relatively short-term experiments when compared with the natural tree life cycle. Generally, the initial ecophysiological responses to e[CO 2 ] on the leaf scale are enhancement of CO 2 assimilation and a decrease in stomatal conductance (g s ; Leakey et al., 2009) , with all other effects observed in plants being derived from these two fundamental responses (Ainsworth and Rogers, 2007) . Because e[CO 2 ] reduces transpiration through partial stomatal closure, while it increases photosynthesis, improvement of water-use efficiency has been reported in many plant species (Xu et al., 2016) . Curiously, increases in g s were found in pigeon pea plants under e[CO 2 ] (Sreeharsha et al., 2015) , and in such cases increased photosynthesis would be the key underlying response leading to increases in wateruse efficiency. Regarding photosynthesis, the stimulatory effect of e [CO 2 ] is related to decreases in photorespiration by reducing the oxygenase activity of Rubisco (Cousins et al., 2001) . Various plant species grown under e[CO 2 ] show a reduction in the intensity of their initial responses after long-term exposure (Long et al., 2004) . Such downregulation could be manifested as reductions in g s ) and photosynthesis, indicating acclimation of leaf gas exchange caused by sugar accumulation PART OF A SPECIAL ISSUE ON FUNCTIONAL-STRUCTURAL PLANT GROWTH MODELLING due to low sink strength (Tuba and Lichtenthaler, 2007) . Such photosynthetic downregulation might also represent a shift in carbon partitioning and use under e[CO 2 ] (Kubiske et al., 2002; Reddy and Zhao, 2005; Jin et al., 2016) .
Under e[CO 2 ], architectural and morphological modifications are slower, more conservative and consequently more scarce when compared with changes in leaf gas exchange. The effects of e [CO 2 ] are restricted to increases in canopy size and in length of internodes of Populus spp. after 2 years of exposure (Gielen et al., 2002) . Additionally, e[CO 2 ] increases stem diameters and number of syleptic branches in Populus spp., with such responses being dependent on growth period and differing among species of the same genus. Regarding Mangifera indica trees, the total leaf area of the crown is not affected by increasing air [CO 2 ] (Goodfellow et al., 1997) . However, increases in photosynthesis per unit leaf area mean that the photosynthetic machinery is more efficient on an area basis under e[CO 2 ], and this would improve the overall plant photosynthesis. Finally, the rates of both fine root production and mortality, i.e. root turnover, are increased under e[CO 2 ] (Pregitzer et al., 1995) .
For simulating plant responses to e[CO 2 ] and other climate changes, plant modelling has been used at both field (Medley et al., 2015) and ecosystem (Smith et al., 2016) scales, which are much larger scales of observation than those considering plants growing under artificial conditions. Finer scales, such as metamers, axes and plants, are usually considered in functional-structural modelling, whose paradigm considers that plants respond to their environment by adapting not only their functions but also their structures (Vos et al., 2009) . Modelling of plant responses to e[CO 2 ] rarely considers the fine metamer scale, which limits our understanding about leaf acclimation to changing environmental conditions. In fact, leaf structure may significantly affect the acclimation patterns in tree species under e[CO 2 ] (Juurola, 2005) .
As Coffea arabica is one of the most important crop species extensively grown in tropical conditions, it could be considered as a good model to study the impacts of e[CO 2 ] on plant architecture and physiology. This study was focused on Arabica coffee (Coffea arabica L.) trees grown for 4 years inside the first FACE system in South America (Ghini et al., 2015) . Recent papers on coffee plants have shown that e[CO 2 ] might increase plant vigour (Ramalho et al., 2013; Ghini et al., 2015) , and improve plant performance under warming through improvements in photosynthetic functioning (Rodrigues et al., 2016a) in protective mechanisms (Martins et al., 2016) , and maintenance of mineral homeostasis (Martins et al., 2014) . Our knowledge about Arabica coffee responses to e[CO 2 ] is based on young plants inside growth chambers (Ramalho et al., 2013) . The absence of water, temperature and nutritional limitations allowed enhancement of coffee photosynthesis, with almost unchanged g s and a consequent increase in water-use efficiency under 700 μL CO 2 L -1 . After 2 years under e[CO 2 ] in a FACE experiment, coffee plants maintained relatively high water-use efficiency and increased growth, and presented high crop yield in the first productive year (Ghini et al., 2015) . The stimulation of leaf photosynthesis by e[CO 2 ] was more prominent during the cold-dry season as compared with the rainy season. Notably, the stomatal and mesophyll conductances were also unresponsive to increasing air [CO 2 ], as well as leaf nitrogen and phosphorus concentrations (DaMatta et al., 2016) . Very scarce information about impacts of e[CO 2 ] on the structure of C. arabica is available, with young plants showing increases in height (Ghini et al., 2015) .
We expected that Arabica coffee trees would respond to long-term cultivation under e[CO 2 ] through changes in plant structure and function during the cold-dry season, when there is low sink demand. To test this hypothesis, we used functionalstructural plant modelling in Arabica coffee under e[CO 2 ] to assess changes in plant structure and photosynthesis and their relevance for overall photoassimilate production. This study is a step forward in the understanding of specific coffee plant responses to predicted e[CO 2 ] during this century.
MATERIALS AND METHODS

Local and field descriptions
The experiment was carried out under the first FACE facility in South America, located at Embrapa Environment, in Jaguariúna SP, Brazil (22°43′S, 47°01′W, 570 m altitude), as previously described (Ghini et al., 2015) . The soil at the experimental area is an alic, dark red latosol. The climate is subtropical, Cwa type according to the Köppen classification, with hot rainy summers and dry winters. The FACE system was located within a 7 ha coffee (Coffee arabica L.) plantation. Seedlings with three to four pairs of leaves of one common cultivar, 'Catuaí Vermelho IAC 144', were transplanted to the field in March 2011, in a planting design of 3.5 m between rows and 0.6 m between plants in the row. The CO 2 supply to air began on 25 August 2011. Our experiment was carried out after 4 years under elevated air [CO 2 ].
The studied plants were delimited by octagon metallic rings with 10 m diameter (Ghini et al., 2015) , with each ring containing four rows and 44 plants. The direct injection of pure CO 2 was used in half of the available octagon rings aiming at increasing air [CO 2 ] up to 200 μL CO 2 L -1 above the current air [CO 2 ] (treatment named a[CO 2 ], about 390 μL CO 2 L -1 ) during the daylight period. The CO 2 was emitted outside of rings from tubes installed at 0.9 and 1.4 m above the soil level, following the wind direction and minimum speed of 0.5 m s -1 to permit the gas mixture inside of rings (Ghini et al., 2015) . The air [CO 2 ] was measured at the centre of the rings with installed infrared gas analysers (Vaisala, CARBOCAP ® Carbon Dioxide Probe GMP343, Vantaa, Finland). A multi-weather sensor model WXT520 (Vaisala, Vantaa, Finland) was used for monitoring wind speed and direction, rainfall, atmospheric pressure, temperature and relative humidity. The temporal dynamics of air temperature, rainfall and air [CO 2 ] inside the rings where the plants were assessed are shown in Fig. 1 . The 2 month periods during and before the measurements were considered to describe the subtropical cold-dry season and daily variations in air [CO 2 ].
The NPK fertilization was done with 1750 kg ha -1 year -1
(20:5:15 NPK formulation) split into three applications (600/600/550 kg ha -1 ) during the period of active vegetative growth (from October to March). Three leaf sprays of zinc sulphate (0.6 %) and potassium chlorite (0.5 %) were carried out between October and January, and, in addition, boric acid was applied to the coffee plantation (24 kg ha -1 year -1 also split into three appiactions).
Plant codification and software for reconstructions of mock-ups
Coffee tree architecture is described as Roux's model, characterized by a continuous growth, and dimorphic, orthotropic and plagiotropic axes (Hallé et al., 1978) . The orthotropic axes of the first branching order (main stems) form, at each node, two plagiotropic axes of the second order, even though sometimes no branch, or just one, develops (Matsunaga et al., 2016) . The orthotropic axes follow an opposite-decussate phyllotaxy. In C. arabica, the branching process develops plagiotropic axes from the second to the fifth orders (Supplementary Data  Fig. S1 ). The plagiotropic axes follow an orthogonal-decussate pattern, but both internode torsion and petiole angle reorient leaves, resulting in apparent dorsiventral phyllotaxy (Dengler, 1999) .
Following VPlants methodology, the coffee plant topology was decomposed into three scales (Rakocevic and Androcioli-Filho, 2010) , the plant scale, the axes scale and the metamer scale (Supplementary Data Fig. S1 ). The coding of coffee plants was performed in multiscale tree graphs (MTGs; Godin and Caraglio, 1998) , always from the bottom to the top of the plant and axes. Coding was done during July 2015, when vegetative growth was reduced. In South-east Brazil, most of the vegetative growth of adult Arabica coffee plants occurs in the warm and rainy season (from October to March), with reduced growth occurring during the cold-dry season (from April to September; Silva et al., 2004) .
The coffee plants were coded according to the VPlants methodology (Pradal et al., 2008) . The data collection focused on eight plants for each environment (e[CO 2 ] and a[CO 2 ]) by methodology specified for this species (Matsunaga et al., 2016) . The orthotropic axis was described at the metamer scale with the following attributes: bottom and top diameter, length of each internode, leaf properties (length, width, elevation angle and cardinal orientation), position, orientation, apex mortality and total length of living parts of all second-order axes carried by the orthotropic stem. Four second-order plagiotropic axes were tagged, one for each cardinal point, to represent each layer (50 cm) of the vertical plant profile (L1, 0-50 cm; L2, 50-100 cm; L3, >100 cm). These tagged plagiotropic axes were decomposed and described at the metamer scale, as done in the orthotropic axis. In addition, the detailed description of their corresponding third-to fifth-order lateral plagiotropic branches was performed. All other second-order plagiotropic axes were described by their position at orthotropic axes, their orientation, elevation angle, and total alive branch length and terminal apex mortality.
To reconstruct the partially codified plants at the metamer scale, we used the CoffePlant3D software, which is dedicated to 3-D coffee reconstructions, integrates three interconnected modules (AmostraCafe3D, VirtualCafe3D and Cafe3D) and processes them (Matsunaga et al., 2016) . The final outputs of CoffePlant3D software are the MTGs, allowing 3-D reconstructions of coffee plants at the metamer scale. The leaf object for mock-ups was constructed from 16 triangles under geometry options of VPlants (Pradal et al., 2008) and could accept the measured leaf attributes (leaf length, width, elevation angle and cardinal orientation) included in MTGs. Those measurements lead to accurate values of reconstructed leaf area in coffee plants (Matsunaga et al., 2016) , as well as estimations of leaf/plant photosynthesis. Data extraction from the MTGs was performed using AMAPstudio -Xplo software (Griffon and Coligny, 2014) to analyse the number of living and dead apexes and metamers, branching number, bottom and top axis diameters, axes length and average internode length.
Measurements of leaf gas exchange and light incidence inside the canopy
Leaf CO 2 assimilation (A n ), stomatal conductance (g s ), transpiration (E) and intercellular CO 2 concentration (C i ) were evaluated with a portable infrared gas analyser (Li-6400, LI-COR, Lincoln, NE, USA). Considering canopy structure, two representative plants at the centre of rings in e[CO 2 ] and two in a[CO 2 ] rings were chosen, and leaves of second-and third-order axes in three plant layers and four cardinal orientations were tagged for measurements. Such a scheme of measurements allowed 10-17 gas response curves to light, for each treatment. Measurements were taken between 09.00 and 15.00 h, on 30 and 31 July 2015 (cold-dry season). The responses of A n , g s and E to photosynthetically active radiation (PAR) were determined by varying PAR in the following way: 1200, 900, 600, 300, 100, 50 and 0 µmol photons m −2 s −1
. The highest PAR was 1200 µ mol photons m −2 s −1 as intensities of about 1000 μmol photons m -2 s -1 are sufficiently high to saturate the photosynthetic machinery without causing photoinhibition in C. arabica (Cavatte et al., 2012) . Measurements were taken after 3-5 min at each PAR level, which was enough to reach stability in leaf gas exchange. Air temperature during the measurements was 32.1 ± 0.4 °C and the leaf to air vapour pressure difference was 3.3 ± 1.1 kPa.
We used the exponential model to fit the response of A n to PAR [Eqn (1)], as done by Prado and Moraes (1997) :
( 1) where A n is the actual photosynthesis, A max represents the maximum photosynthesis (µmol CO 2 m -2 s -1
), k is a dimensionless fitting factor and Γ is the light compensation point (µmol photons m -2 s -1 ). The dark respiration (R d ) was evaluated when PAR was 0 µmol photons m −2 s −1 . The apparent quantum efficiency (α, µmol CO 2 µmol -1 photons) was calculated as the slope of the linear fit of the initial phase of the curve (until 100 µmol photons m −2 s −1
). The instantaneous carboxylation efficiency (CE) was estimated as A n /C i (Konrad et al., 2005) , whereas the intrinsic water-use efficiency (WUE i ) was calculated as A n /g s (Battipaglia et al., 2013) .
In parallel with gas exchange measurements, PAR at leaf level was measured between 09.00 and 15.00 h in the same four representative plants in which light response curves were evaluated. A 1 m linear sensor (Li-191R Line Quantum Sensor, LI-COR) connected to a data-logger Li-1400 (LI-COR) was used to perform instantaneous measurements of PAR repeated four times in each canopy layer of each plant at intervals of 1 h (between 09.00 and 15.00 h). Two measurements were taken close to the orthotropic axis, and two others close to the outer tops of second-order axes, alternating cardinal directions N-S with E-W. We then determined the mean PAR intensities reaching the interior of the coffee canopy, which allowed us to estimate the diurnal course of photosynthesis in each layer by using the light response curves.
Estimations of photosynthesis and leaf area
The estimation of the leaf area (LA) per layer and CO 2 assimilation of the entire plant (A p ) was performed using the software VegeSTAR (Adam et al., 2006) . This software simulates the spatial distribution of PAR and leaf CO 2 assimilation within virtual plants, and estimates LA, light interception and CO 2 assimilation at the plant, layer or leaf scale. The estimation of LA per coffee plant layers was allowed by attribution of RedGreen-Blue identification to each geometrical object in each 50 cm thick layer (z-axis), in input files.
The estimation of leaf photosynthesis under VegeSTAR software was based on Farquhar's model (Farquhar et al., 1980) and integrated on the plant scale. Light interception and photosynthesis computing with the VegeSTAR requires information about the environment (azimuth and height of the Sun, global radiation, diffuse radiation, air temperature and air [CO 2 ]). We considered 30 min sequenced intervals (from 09.00 to 15.00 h) of daily variation in physical and meteorological parameters during one specific day, 31 July 2015. The required parameters of the solar tracking were computed by VegeSTAR software for the co-ordinates of Jaguariúna SP, Brazil. The other necessary environmental inputs were obtained from the FACE meteorological station.
The maximum rate of ribulose-1,5-bisphosphate carboxylase/ oxygenase (RuBisCO) activity (V cmax ), the maximum electron transport rate (J max ) driving ribulose-1,5-bisphosphate (RuBP) regeneration and R d were also necessary for the estimation of photosynthesis at leaf and plant scales under VegeSTAR. For those estimations, R d values were calculated from our experimental data. As response curves of A n to increasing [CO 2 ] were not evaluated, we used values of V cmax and J max estimated in coffee plants (Araújo et al., 2008) , considering the effects of selfshading (Rodríguez-López, 2012 ). This assumption was based on the absence of downregulation of photosynthesis under elevated CO 2 and FACE conditions (Ramalho et al., 2013; Ghini et al., 2015) . The values of R d , V cmax and J max were attributed to each triangle that formed coffee leaf objects in input files, and varied according to air [CO 2 ] treatment and plant layer.
The validation of estimated A n (A n ′) compared with measured A n was used as a basis for further plant-scale estimations of CO 2 assimilation. The measured leaves were identified in VegeSTAR outputs and then photosynthesis was integrated between 09.00 and 15.00 h. Those outputs contained the computed LA and its relative A n ′ of each of 16 triangles of each leaf comprising the plant foliage. Mean A n ′ for 16 triangles comprising a virtual leaf was used for comparison with measured A n . Once A n ′ was validated by measured values over canopy layers, A p was calculated considering LA of each leaf triangle (in m 2 ) and its A n ′ in the entire plant canopy. 
Statistical analyses
Statistical analyses and box-plot charts were performed using the R software (R Core Team, 2017) . Analysis of variance (ANOVA) was used to estimate the effect of elevated [CO 2 ] in light response curves for each of the 50 cm thick layers (n = 10-17). Mean values were compared by the Student t-test (P < 0.01). The characteristics of whole-plant photosynthesis, LA and first-order axes were analysed by one-way ANOVA (n = 8). To analyse the structural responses to changes in [CO 2 ] over the vertical plant profile (layers), the mixed model fitted by the 'lme' function was applied, considering plant and/or axis repetitions as fixed effects (with n = 25-857, depending on axes order). The probability level at 0.10 (P < 0.10) was considered significant, because of large variability of responses. Only measured values of all structure parameters were analysed. The root mean square error (RMSE), R 2 and bias were used to test the accuracy of leaf A n ′ estimations under VegeSTAR. The RMSE was calculated in R software (R Core Team, 2017) , while that of R 2 and bias were computed in Excel. (Table 2) . While the longest secondorder internodes were observed in the most shaded layer (L1) in both air [CO 2 ] treatments, the shortest second-order internodes were found in L2 of plants grown under e[CO 2 ] ( Table 2 ). The highest average second-order length was found in L2, whereas the lowest length was noticed in the upper layer (L3), with no impact of air [CO 2 ] treatments (Table 2) . Under e[CO 2 ], the bottom and top diameters of the second-order axes were smaller than under a[CO 2 ]. Diameters of the second-order axes were gradually thinner from the bottom (L1) to the upper layer (L3), regardless of air [CO 2 ].
RESULTS
As expected, the metamer number and length of the thirdorder axes diminished from the bottom to the top of all coffee plants (Table 2) . In L1 and L2 layers, the third-order axes had fewer metamers under e[CO 2 ] as compared with a[CO 2 ]. The youngest third-order axis in L3 had more metamers under e[CO 2 ] than under a[CO 2 ]. The length of axes showed a similar trend to the metamer number in the third-order axes. The longest third-order internodes were observed in the most shaded layer (L1) in both [CO 2 ] environments, as found for the second-order axes ( Table 2 ). The bottom and top diameters of third-order axes were affected by air [CO 2 ] and differed among layers ( Table 2 ). The bottom and top diameters of third-order axes under e[CO 2 ] were thinner than under a[CO 2 ] in L1 and L2, opposite to that on the upper layer (L3).
The fourth-order axes were found only in L1 and L2, with shorter axes in L2 compared with L1 ( Table 2 ). The average metamer number, length of axes and bottom diameters of the fourth-order axes were higher under a[CO 2 ] than under e[CO 2 ]. Like the fourth-order axes, the fifth-order axes were found only in L1 and L2 (Table 2) . The metamer number, the average length of axes and the internode length of the fifth-order axes were higher in L1 under a[CO 2 ] than under e[CO 2 ], while the opposite was found in L2 (Table 2) .
Plant architecture: plant scale
The number of living apexes per plant layer, the dead:living apex ratio and the branching number of any axes order did not differ between air [CO 2 ] treatments (Table 3) . Only the number of metamers of the fourth-and fifth-order axes was slightly impacted by air [CO 2 ]. In L1, the total metamer number of the fourth-and fifth-order axes of plants grown under e[CO 2 ] diminished compared with a[CO 2 ]. Such a structural change due to e[CO 2 ] was inverted in L2 (Table 3) .
The total average number of living apexes, total average number of living metamers per layer, mortality of apexes and average branching of axes varied significantly over the vertical profile (Table 3 ). The lowest number of living apexes and metamers of the second-order axes were found in L1, probably associated with the highest apex mortality occurring in this layer (about 5-fold more dead apexes than living ones). The living apex number increased gradually from L1 to L3, and the highest number of metamers of the second order was found in L2 (Table 3) . The imbalance between apex number and metamer number in L3 was a consequence of the lower metamer number constructing the new second-order axes. The branching of second-order axes was similar in L1 and L2 and much lower in L3.
The third-order apexes and metamers were generally the most numerous among the axes orders at the plant scale, mainly in L2 (Table 3 ). The dead:living apex ratio and the branching of thirdorder axes were higher in L1 than in L2. The fourth-order axes had an important participation in construction of coffee trees, judging by the living apex number. Those axes had fewer metamers than the third-and second-order axes, and lower mortality than the second-order axes. The fifth-order axes were rare, constructed by low metamer number, and did not show any apex mortality at the time of evaluation. This description of coffee tree architecture is reported for the first time in this degree of detail, considering higher order axes (more than second order). (Fig. 2) . The LA per canopy layer was computed in VegeSTAR and its average values across the tree canopy layers are also shown (Fig. 2) . The results were unexpected, and we found a strong LA reduction under e[CO 2 ], mainly at the lowest and the highest canopy layers. LA of the L1 and L3 layers was reduced by approx. 50 % under e[CO 2 ] when compared with the corresponding layers under a[CO 2 ].
Light response curves of leaf gas exchange
Light response curves revealed that leaf CO 2 assimilation (A n ) was increased under e[CO 2 ], with the highest differences between [CO 2 ] treatments being found in L3 (Fig. 3) . The maximum photosynthesis (A max ) was higher under e[CO 2 ] as compared with a[CO 2 ] both in L2 (2.95 ± 0.41 vs. 1.63 ± 0.24 µmol m -2 s -1 ) and in L3 (4.33 ± 0.69 vs. 1.13 ± 0.14 µmol m -2 s -1 ) layers (Fig. 3A-C (Fig. 3D-F) . As a consequence, leaf transpiration rates in L2 and L3 were increased by high air [CO 2 ] (Supplementary Data Fig. S2 ). The instantaneous carboxylation efficiency (CE) was higher under e[CO 2 ] in L3 and such an effect of e[CO 2 ] was inverted in L1 (Fig. 4A, C) . Non-significant changes in CE were found in L2. The intrinsic water-use efficiency (WUE i ) followed the same pattern of CE, with e[CO 2 ] causing higher WUE i in L3 and lower WUE i in L1 as compared with a[CO 2 ] (Fig. 4D-F) .
A n was well-correlated to CE through the canopy profile but air [CO 2 ] had a significant influence on this correlation (Fig. 5A) . In general, the slope of A n × CE was 1.6 times higher under e[CO 2 ], indicating that A n is more responsive to increases of CE under e[CO 2 ]. A n was also well correlated to g s (Fig. 5B ), but such a correlation was dependent on the canopy layer and air [CO 2 ]. Under a[CO 2 ], the correlation between A n and g s was significant in all canopy layers and the slopes varied between 274 (L1) and 482 (L3). When plants under e[CO 2 ] were considered, significant correlations between A n and g s were found only in L2 and L3, and the slopes were 532 and 868, respectively (Fig. 5B ).
Diurnal course of leaf CO 2 assimilation
Due to changes in leaf area through the canopy profile, light availability in all canopy layers was higher in coffee plants under e[CO 2 ], mainly up to 13.00 h (Fig. 6A-C) . By considering the light response curves of photosynthesis (Fig. 3A-C) , we were able to estimate leaf CO 2 assimilation (A n ′) throughout the diurnal course (Fig. 6D-F 
Modelling leaf and plant photosynthesis
Measured photosynthetic rates (A n ) were compared with photosynthetic rates estimated under VegeSTAR (A n ′) (Fig. 7A) compared with A n , with a bias of 0.059. RMSE was low (0.089 on a scale of 5.5 µmol m -2 s -1 ) and estimates were very close to the fitted regression line (R 2 = 0.97). Well-adjusted estimations at the leaf scale (Fig. 7A) allowed the daily estimation of whole-plant photosynthesis between 09.00 and 15.00 h, when intensive CO 2 assimilation occurs (Fig. 7B) . Due to the higher photosynthetic capacity of leaves under e[CO 2 ], the impact of LA reduction (Fig. 2) was mitigated at the plant scale (Fig. 7B) 
Soil carbon
During the cold-dry season of the fourth year of coffee cultivation under the FACE facility, a higher total soil carbon concentration was found under e[CO 2 ] compared with a[CO 2 ] at all soil depths below 0.05 m (Fig. 8) .
DISCUSSION
Architectural changes in coffee canopy under high air [CO 2 ]: detailed analyses over the vertical plant profile
The first novelty of this work is that the analyses of coffee architecture were done over the vertical plant profile, considering all five axis orders (Tables 1-3 ). Coffee plants are usually compared based on the length of the second-order plagiotropic axes (Cilas et al., 1998) , or plant height and characters of sampled secondorder axes in the middle third of plants (Ghini et al., 2015; Ronchi et al., 2016) . In our study, detailed measurements, estimations and analyses of coffee plant architecture were conducted. The third-order axes appeared along all the plant profile (Tables 1-2) , whereas the fourth-and fifth-order axes appeared in L1 and L2 in the fourth year of field cultivation. Although abscission of the fourth-and fifth-order axes is a phenological event under subtropical cold-dry seasons (Camargo and Camargo, 2001) , various fourth-and fifth-order axes still were present. Mature coffee trees grown under e[CO 2 ] would probably invest more carbon into the newest aerial structures of third-to fifth-order axes that were exposed to full sunlight as compared with those under a[CO 2 ], and lower second-order axes over the whole plant structure. Such an investment would promote A n under more adequate light conditions (Fig. 3) , balancing reduction in leaf area (Fig. 2) when overall photoassimilate production is taken into account.
Structural and functional changes induced by high air [CO 2 ] suggest carbon partitioning to the root system
Usually, the LA of young C. arabica trees doubles from spring to summer under high water availability (Rodrigues et al., 2016b) . During the fourth cold-dry season and after longterm e[CO 2 ] conditions, coffee trees clearly showed a reduction in LA (Fig. 2) , as compared with plants under a[CO 2 ]. This structural change was unexpected as higher leaf photosynthetic rates were found in both L2 and L3 when grown under e[CO 2 ], regardless of the light level or time of day ( Figs 3A, B and  6D-F) . In fact, the overall CO 2 uptake by the coffee canopy was increased under e[CO 2 ] as compared with a[CO 2 ] (Fig. 7B) , suggesting higher plant growth and canopy size under e[CO 2 ]. However, such a supposition was not true when considering reconstructed LA based on measurements (Matsunaga et al., 2016) . As the total number of living metamers did not differ between two CO 2 treatments , LA reduction could be a consequence of seasonal limiting conditions (low water availability) and/or higher leaf shed accumulated over the last two cold-dry seasons, which was not noticed in young coffee plants by Ghini et al. (2015) .
An increase in g s of coffee plants under e[CO 2 ] was another interesting finding, as shown in Fig. 3D-F . In fact, partial stomatal closure is a general plant response to e[CO 2 ] (Mot, 1990) , and previous reports showed that coffee leaf stomata were mostly unresponsive to increasing air [CO 2 ] (Ghini et al., 2015; Rodrigues et al., 2016a) . Under low g s , high air [CO 2 ] would allow plants to maintain photosynthetic rates, as is also the case under high air temperatures (Martins et al., 2016; Rodrigues et al., 2016b) .
In young plants of C. arabica grown under the FACE facility, higher A n values under e[CO 2 ] compared with a[CO 2 ] were observed only during the cold-dry season (Ghini et al., 2015) . For that reason and for evaluating long-term responses, analyses were done during the fourth cold-dry season (Fig. 1A) . In this season, low air temperature and low water availability significantly reduce g s in coffee trees (Silva et al., 2004) . On the other hand, it is well known that turgor is essential for stomatal opening, with coffee plants showing the highest g s during the rainy season (Silva et al., 2004) . Our data thus suggest that coffee trees under e[CO 2 ] are less water stressed or more hydrated than plants under a[CO 2 ], as the latter exhibited lower g s and leaf CO 2 assimilation (Fig. 3) . For increasing shoot water status and then stomatal aperture, plants should be able to explore soil resources and increase water uptake (Tron et al., 2015) . As coffee trees under e[CO 2 ] presented higher g s , higher photosynthesis and lower canopy size than plants under a[CO 2 ] during the cold-dry season, photoassimilates could be driven to the root system rather than to plant shoots. This would improve water uptake and then leaf turgor, causing higher stomatal conductance ( Fig. 3D-F ) and transpiration (Supplementary Data Fig.  S2 ). Meta-analyses show that atmospheric CO 2 enrichment stimulates both the input and the turnover of carbon in soil (van Groenigen et al., 2014) , supporting our results of higher carbon content over the soil profile (Fig. 8) . We argue that such an increase in soil carbon amount under e[CO 2 ] (Fig. 8) was not caused by decomposition of coffee residues, which is not affected by e[CO 2 ] (Vidal et al., 2015) . The slight tendency for higher investments in roots under e[CO 2 ] has already been reported in coffee seedlings (Batista, 2015) . The turnover of fine roots has been recognized as an important source of carbon, being responsible for increasing the soil carbon concentration when tree species are grown under e[CO 2 ] (Iversen et al., 2008) . Under low water availability and e[CO 2 ], various woody species tend to allocate more biomass to roots (Curtis and Wang, 1998) , supporting our hypothesis about the shift in photoassimilate partitioning to roots in coffee trees under e[CO 2 ] and low water availability. Such a hypothesis should be further tested in field-grown coffee trees under e[CO 2 ], where root growth is not limited and resources, such as water, vary in a seasonal manner.
Underlying factors leading to increased photosynthesis and wateruse efficiency under e[CO 2 ]
Elevated air [CO 2 ] increased coffee photosynthesis but such an effect varied within the plant canopy (Fig. 3A-C) . While leaves positioned at the bottom canopy layer (i.e. L1) did not respond to e[CO 2 ], leaves of the upper layer (i.e. L3) presented a significant enhancement of photosynthesis due to e[CO 2 ], regardless of the instantaneous light intensity. The oldest leaves in Arabica coffee were about 8 months old and supported by fourth-and fifth-order axes in the bottom layers (Correia et al., 2017) . We measured leaves on second-and third-order axes, as a preference, which excludes leaf unresponsiveness caused by ageing. Our results indicate that self-shading offsets the stimulatory effect of high air [CO 2 ] in coffee trees. This would have an important implication for plant modelling, as 12 % of total leaf area in adult coffee trees was found at the bottom canopy position (Fig. 2) . In this way, predictions about the responsiveness of coffee photosynthesis to high air [CO 2 ] would overestimate the actual response in coffee plantations, affecting either estimations of biomass production or crop yield.
The stimulatory effect of e[CO 2 ] on photosynthesis in the intermediate and upper canopy layers was associated with higher g s (Fig. 3A, B, D, E) , a possible consequence of carbon partitioning to the root system as discussed previously. photochemical reactions, parallel increases in the apparent quantum efficiency and photosynthesis due to e[CO 2 ] were found only at L3 (Fig. 3A) . This finding indicates that improved photochemistry is associated with increasing coffee photosynthesis under high air [CO 2 ] only at canopy positions exposed to high light (Fig. 6A) . Accordingly, coffee leaves presented a large increase in the instantaneous carboxylation efficiency when exposed to e[CO 2 ] and positioned at the upper canopy layer (Fig. 4A ). Such improvements in photosynthetic machinery are supported by previous studies showing higher A n , J max and V cmax (Ramalho et al., 2013; Rodrigues et al., 2016) and lower photoinhibition (Martins et al., 2016) (Drake et al., 1997) . This phenomenon is accompanied by increases in CO 2 fixation through the carboxylase activity in C 3 species (Carmo-Silva et al., 2015) , explaining the higher CE of coffee trees under e[CO 2 ] (Fig. 4A) . Taking those results together, our data suggest that high air [CO 2 ] improved coffee photosynthesis through increases in g s (L2 and L3), and stimulation of photochemical (L3) and biochemical (L3) reactions under limiting water supply. When comparing the correlation between A n and CE (Fig. 5A) (Herrick and Thomas, 1999) .
Correlations between A n and g s also revealed higher responsiveness of coffee photosynthesis to changes in stomatal aperture under e[CO 2 ] as compared with a[CO 2 ], mainly in L2 and L3 canopy layers (Fig. 5B) . In other words, our data indicated that coffee plants are able to fix more CO 2 for a given change in stomatal aperture under e[CO 2 ], which is probably associated with higher carboxylation activity. This means that RuBisCO is not CO 2 saturated in coffee leaves even under 200 μL CO 2 L -1 above the current air [CO 2 ]. Another interesting point is that the RuBisCO concentration in leaves tends to decrease after long-term exposure to e[CO 2 ], with photosynthesis being downregulated (Drake et al., 1997) . However, no downregulation of photosynthesis was found in coffee trees after several years under e[CO 2 ] (Fig. 3) , following similar responses in young coffee trees (Ramalho et al., 2013; Ghini et al., 2015) .
Our results also clearly show that increases in water-use efficiency of coffee plants (Fig. 4D-F) were driven by higher photosynthesis rather than lower g s or transpiration ( Fig. 2;  Supplementary Data Fig. S2 ). Elevated air [CO 2 ] is known to cause stomatal closure in young coffee plants (DaMatta et al., 2016) , which was not confirmed in field-grown coffee trees under long-term exposure to air [CO 2 ] enrichment (Fig. 3D-F) .
Compensation between structural and functional changes under high air [CO 2 ] During the fourth reduced growth period under e[CO 2 ], our estimations showed that Arabica coffee trees presented a significant reduction in LA in the bottom and upper canopy layers, and lower investment in all second-order axes plus third-order axes in lower layers. Those plants also invested more in newly formed third-and fifth-order structures and showed a gradient in photosynthetic responses over the plant vertical profile, with enhancement of light-saturated photosynthesis in sun leaves rather than in shade leaves. In addition, plants showed the ability to cope successfully with such a new environmental scenario, continuing to respond to e[CO 2 ] by structural and functional integration from the metamer (leaf) to the whole-plant scale.
Under elevated air [CO 2 ] and drought events, coffee plants have developed strategies that allowed the maintenance of structural and functional traits, with high leaf assimilation, large investments in new higher axes structures (third-to fifth-order) and probably fine-root turnover as manifested in many tree species (Iversen et al., 2008) . In fact, coffee plants show architectural and functional variations from one cycle to another (DaMatta et al., 2007) , as revealed by the comparison of results obtained during the initial 2 years of growth (Ghini et al., 2015; DaMatta et al., 2016) with ours taken in the fourth year. The most important modifications when comparing shortand long-term responses to e[CO 2 ] were related to the canopy structure and g s , suggesting that structural and functional responses should also be evaluated after long-term exposure in order to obtain a general pattern of response to future environmental scenarios. From a photosynthetic point of view, our data at the whole-plant level showed that changes in plant structure (reduced leaf area) were compensated by changes in plant functioning (increases in photosynthetic rate per unit leaf area in the middle and upper part of the canopy) of coffee trees under free air CO 2 enrichment.
Final remarks
Previous studies have shown that plant responses to e[CO 2 ] are species and even cultivar dependent, and affected by exposure time (short-and long-term experiments) and experimental strategy (potted vs. field-grown plants). The analytical approach is an additional issue when assessing integration of structural and functional plant responses to e[CO 2 ]. Herein, we measured the architectural properties of five axis orders over the whole plant vertical profile and not only the second-order axes at the middle canopy layer of plants, as is usual when evaluating coffee physiology and morphology. The analyses of leaf gas exchange also considered canopy layers, which revealed differential responses to e[CO 2 ] in shaded leaves and those exposed to full sunlight. As a new finding, Arabica coffee plants showed some species-specific responses to CO 2 after growing for 4 years under FACE. In addition to LA, some structural elements were negatively affected by e[CO 2 ], such as length and diameter of the second-order axes. From a broad perspective, structural changes under e[CO 2 ] may represent a strategy to invest more in new axes over the plant structure, especially considering the thirdorder axes in the upper canopy layer. Coffee trees maintained a higher g s and high photosynthesis in the middle and upper canopy layers, which is a very specific response to elevated air [CO 2 ]. Downregulation of photosynthesis after long-term exposure to e[CO 2 ] was not found, with increased photosynthesis being the key factor leading to high water-use efficiency in coffee trees under FACE. Our findings revealed that one should consider and integrate both structural and functional responses when studying the potential impacts of elevated air [CO 2 ] on perennial species. SUPPLEMENTARY DATA Supplementary data are available online at https://academic. oup.com/aob and consist of the following. Figure S1 : diagram of axis orders, from the orthotropic axis (O1) to the plagiotropic second to third-order axes (O2-O3), and botanical scales of coding (plant, axes and metamers) in Coffea arabica. Figure  S2 : light response curves of leaf transpiration in field-grown coffee trees under actual and elevated air CO 2 concentrations.
